Piliated Neisseria gonorrhoeae forming small, transparent colonies (P+ 0-) on clear typing agar have been grown in -prolonged continuous culture to ascertain how different growth environments might affect gonococcal physiology and the expression of virulence determinants. Virulence of the penicillin-sensitive P9-2 and the penicillin-resistant K W 1 strains was assessed by their ability to survive in polypropylene chambers implanted into the flanks of guinea pigs. Initial continuous culture experiments in the defined medium of Manchee et al. (FEMS Microbiology Letters 7, 1 15-1 18, 1980) indicated that growth was actually cystine-limited, rather than the anticipated glucose-limited. Surprisingly, cysteine was not completely metabolized and ammonium salts remained in excess. The molar growth yield on glucose ( YGlc) was 65 g dry wt mol-l and 45% of the glucose carbon metabolized was converted to biomass. Gonococci, whilst retaining the P+Ophenotype for over 100 generations of growth, did not survive in the subcutaneous chambers when inoculated at a variety of doses. When the cystine and glucose concentrations were increased and decreased respectively, growth became glucose-limited, the YGlc increased to 108 g mol-* for strain KW 1 and 75 % of the metabolized glucose carbon was converted to biomass. After 17 generations of growth, however, only 2% of the gonococci retained the P+ 0phenotype and P-0-bacteria predominated. Nevertheless, these bacteria were virulent in the chamber model, as was strain P9-2, which also retained only 2% of the P+Ophenotype during glucose-limited continuous culture. By contrast, the P+ 0-phenotype was retained during prolonged cystine-or oxygen-limited growth but only the latter was virulent. SDS-PAGE of membrane extracts confirmed that opaque colonies (O+) selected from the glucose-limited cultures contained a heat-modifiable protein (protein 11) whereas transparent colony types lacked such proteins. The initial phenotype of virulent gonococci recovered from the subcutaneous chambers was P+Obut opaque variants dominated after several days. A 40 kDa outer-membrane protein was apparently induced during oxygen-limited continuous culture whereas a 44 kDa protein was absent during cystine-limited growth.
morphology which are predominantly types T1 and T2 and are more infectious than the less frequently isolated types T3 and T4 (Kellogg et al., 1963) . The former types, in contrast to the latter, possess pili (Jephcotte et al., 1971) and these are assembled from identical subunits of a family of at least four similar polypeptides of molecular mass 18.5 to 21-5 kDa . Although these pilus types share a common antigenic region, they also possess typespecific regions and are antigenically different with respect to these sites (Virji et d., 1983) . This might aid the gonococcus in evading the host defences. Similarly, colonial variation not only indicates the presence of piliated (P+) or non-piliated (P-) gonococci but also identifies opacity variants. The opacity characteristic is invariably correlated with the presence of one or more additional proteins in the outer membrane, designated proteins 11, which are heat modifiable (Swanson, 1978) . Opacity is related in an as yet unknown manner to the physiology of the host. Strains of gonococci isolated from infected women at the time of menstruation give rise primarily to transparent colonies (0-), whereas isolates from women in mid-cycle give predominantly opaque colonies (O+) (James & Swanson, 1978) . The high frequency of secondary complications such as pelvic inflammatory disease observed at or near menstruation suggests that 0strains are more invasive (Holmes et al., 1976) . Similarly, P+O-variants are more virulent than P+O+ strains in a chick embryo model (Salit & Gotschlich, 1978) . This apparent correlation of initial infection with lack of expression of opacity proteins has also been observed using the guinea pig subcutaneous chamber model of Veale et al. (1975) . Survival within the polypropylene chambers is a two-stage process, with the P+Oorganisms predominating initially, After 3 d, however, P+O+ variants are selected for and maintained as the predominant phenotype (McBride et al., 198 1) . Interestingly, survivors contained new types of pili with subunits of molecular mass 21 and 18.5 kDa (gamma and delta pili, respectively) rather than the original alpha and beta pili (19.5 and 20.5 kDa subunit molecular mass, respectively).
Gonococcal pili are believed to be important in mediating attachment to mucosal surfaces and resistance to host defences. Similarly, proteins I1 have been implicated in altering resistance of the cell to complement-mediated serum killing, leucocyte association and the action of proteolytic enzymes (Heckels, 1984) . Thus rapid antigenic variation in pili and proteins I1 might explain the ability of the gonococci to colonize and persist at anatomically distinct sites despite the host immune response. We have therefore conducted an in uitro study of the influence of a changing environment on the expression of gonococcal virulence determinants using continuous culture techniques. The chemostat allows the study of low-nutrient environments which might be encountered in the host, together with the precise control of other related parameters such as slow growth rates and pH. Thus the chemostat may provide an environmentally-related laboratory model (a microcosm) in which in uiuo-like activity of bacteria can be simulated (Bull, 1980) . The nutrient restrictions investigated here which might occur in man have included the supply of glucose, essential amino acids such as cystine, and oxygen, since infections can occur in deeper-situated tissues where anaerobes are encountered.
M E T H O D S
Strains and maintenance. Neisseria gonorrhoeae P9-2 is a well-characterized (Heckels, 1977) , penicillin-sensitive strain which expresses the alpha pilus subunit; it was obtained from Dr J. E. Heckels (Southampton University). Strain KWl is a penicillinase-producing clinical isolate obtained by Mr K . A. Witt (CAMR, Porton Down).
Bacteria were stored in liquid nitrogen and revived on prewarmed gonococcal clear typing agar (GCCT; Swanson, 1978) in a candle jar at 37 "C to assess the presence of pili and proteins 11. Piliation results in small, domed, highlighted (when viewed with transmitted light) colonies (P') whilst non-piliated cells produce large, Bat, nonhighlighted colonies (P-; Jephcotte et al., 1971). The presence of proteins I1 creates colonies which are opaque and granular (O+) whilst their absence results in transparent colonies (0-). P+ 0-gonococci were isolated for investigation. Media and growth. The composition of the continuous culture medium was essentially that described by Manchee et al. (1980) , but was modified in the light of the results obtained. The glucose-excess medium contained (gl-l): NaCl, 5.25; MgCl,, 0.2; NH,Cl, 0.3; Na2S04, 0-75; K2HP04, 10.5; KH2P0,, 4.5; CaCl,, 0-005; Fe(N03)3 .9H20, 0.1; tri-sodium citrate, 1.13; L-glutamic acid, 0.19; L-arginine.HC1, 0.13; L-proline, 0.25; Lserine, 0.25 ; L-methionine, 0.19; L-isoleucine, 0.25 ; L-cysteine, 0.3 ; L-cystine, 0.025 ; glucose, 7.5 ; uracil, 0.005; IP: 54.70.40.11
On: Sat, 08 Dec 2018 21:18:05 Gonococcal physiology and virulence 329 1 hypoxanthine, 0.005; NAD, 0.01 ; thiamin. HCl, 0-02; cocarboxylase, 0.02; biotin, 0.004; pyruvic acid, 1.58; glycerol, 1.6; sodium thioglycollate, 0.025; HEPES, 2.38. The pH was adjusted to 7.0 with 1 M-HCl and the medium filter-sterilized through a 0.22 pm Millipore filter. Glucose limitation was obtained by decreasing the glucose concentration to 1 g 1-l and increasing the cystine concentration to 0.1 g 1-l (see Results). Oxygen limitation was obtained by increasing the glucose concentration to 6 g I-' and decreasing the fermenter stirrer speed to 700 r.p.m. Purified isolates were grown as lawns on GCCT for 16 h, harvested with a loop and inoculated directly into the fermenter containing fresh medium. The growth apparatus comprised an LH Fermentation 500 series I1 modular fermentation system. The culture vessel had a working a volume of 500 ml and was stirred magnetically. The dilution rate was 0.1 h-' (equivalent to a mean generation time of 6.9 h) and excess culture was removed through an overhead weir into a sterile receiver using a peristaltic pump (Watson-Marlow). Culture pH was maintained automatically at 7.0 k 0.05 with 2 M-NaOH and was monitored with an autoclavable combination pH electrode (Russell pH). Dissolved oxygen tension in the culture was measured with a galvanic oxygen electrode (Uniprobe) and was normally maintained at 20% of air saturation by feedback control of the stirrer speed. Filtered air was introduced over the surface of the culture at 200 ml min-l, via the medium input port, to sweep aerosol out and prevent grow-back into the medium line. Aeration therefore occurred by vortex mixing, which minimized the frequently encountered problem of foaming of the culture and, as a consequence, did not require the use of antifoaming agents which might have affected gonococcal physiology or cell wall structure.
All parts of the fermenter with which the medium and culture would be in contact were made from glass, polypropylene or autoclavable nylon, as stainless steel has been shown to inhibit the growth of fastidious pathogens such as Bordetellapertussis and streptococci (Novotny & Cownley, 1978; Aranha et al., 1982) . To avoid the use of a stainless steel heating element in the culture, heating was achieved with an external infra-red lamp. Culture temperature was maintained at 37 "C by a glass-sheathed platinum resistance electrode (LH Fermentation) which was immersed in the culture and was linked to the lamp via a pulse-ratio temperature control unit.
Culture monitoring. Samples were removed by suction with a syringe into sterile universal bottles via a polypropylene sampling hood. The optical density of culture samples diluted with physiological saline was measured at 540nm using a Pye Unicam SP600 series 2 spectrophotometer. Biomass was assessed by rapid filtration of 10 ml of culture through pre-dried, pre-weighed, 0-45 pm cellulose nitrate (Gelman Science) or polycarbonate (Sterilin) membrane filters. The filtered samples were washed with 10 ml distilled water and dried to constant weight in a microwave oven (approximately 3 min). Estimations were done in duplicate and dry weights were calculated by differential weighing. The numbers of bacteria in the culture were determined using a Thoma counting slide with dark-ground illumination to visualize the unstained gonococci. At least 200 bacteria were counted per slide and determinations were made in triplicate.
Colonial morphology. Samples of culture were serially diluted in pre-warmed GCCT, inoculated onto GCCT agar and incubated at 37 "C in a candle jar to determine colonial morphology and check the purity of the culture. Colonies were observed using an Olympus binocular plate microscope at magnifications of x 10x 40 with transmitted light adjusted to show highlighting of piliated colonies. Relative percentages of each colonial type were estimated as mean values taken from triplicate plates. The results presented are the mean of at least three independent continuous culture experiments with each gonococcal strain. Error bars have been omitted from the figures for the sake of clarity but the errors were never greater than 25%.
In vivo virulence determination. The method used involved inoculation of gonococci into polypropylene chambers implanted subcutaneously in the flanks of guinea pigs and subsequent sampling of the chamber for determination of viability (Veale et al., 1975; Penn et al., 1976) . Briefly, small polypropylene tubes were drilled with several holes to allow the chambers to become closely associated with the host tissues without becoming vascularized. They were sealed at one end with a stainless steel staple and contained a hole in the other end through which inoculations were made. Chambers were implanted into female guinea pigs and left for 40 d to encapsulate before use. A 0.2 ml sample of chamber fluid was withdrawn and plated onto blood agar 24 h before inoculating gonococci to ensure chamber sterility. Plates were incubated at 37 "C both anaerobically, in an atmosphere of nitrogen/hydrogen/carbon dioxide (80 : 10: 10, by vol.), and aerobically in a candle jar. Prior determinations of the viability of steady-state continuous cultures enabled gonococcal samples to be serially diluted in GCCT to 103-106 viable cells rnl-l, and 0.2 ml of each was injected into the chambers. Samples (0.2 ml) were withdrawn regularly thereafter and serially diluted in GCCT before plating onto GCCT agar for counting. The results described for each inoculum are the mean of data obtained from at least three independent continuous culture experiments with each strain, harvested and introduced into a minimum of three chambers implanted in separate animals. Cultures were considered to be virulent if they persisted in the chambers for at least three weeks, and avirulent if they persisted for less than one week.
Cellprotein analysis. Samples obtained directly from the chemostat or which had been collected overnight on ice from the culture overflow were pelleted by centrifugation, and washed in phosphate-buffered saline. Cells were diluted in distilled water to a protein concentration of 2 mg ml-I determined by the method of Bradford (1976) .
C . W . K E E V I L A N D O T H E R S
For the analysis of whole-cell protein, 80 p1 of the diluted bacterial suspension was added to 20 pl of the sodium dodecyl sulphate (SDS) derivatization buffer of Laemmli (1970) and solubilized by heating at either 37 "C for 30 min or 100 "C for 5 min. These two temperatures were used to identify heat-modifiable proteins when 50 pl of each solubilized sample was separated by polyacrylamide gel electrophoresis (Laemmli, 1970) . Bacterial outer membranes were liberated by passing resuspended bacteria 20 times through a G21 gauge syringe needle prior to differential centrifugation (Zak et al., 1984) . Contaminating inner-membrane material was removed by resuspending the membrane pellet in 2% (w/v) sodium N-lauroyl sarcosinate (Sarkosyl) and centrifuging at 1OOOOO g for 1 h (Norquist et al., 1978) . The pellet was resuspended in Sarkosyl and centrifuged again. This pellet was dissolved in derivatization buffer prior to SDS-PAGE.
Cell carbon analysis. Cultures were pelleted by centrifugation at 12000 g for 10 min and resuspended in physiological saline. This centrifugation and washing procedure was repeated. The resultant bacterial pellet was finally resuspended in freshly distilled water to minimize absorption of carbon dioxide. The carbon content of the samples was determined using a total organic carbon analyser (Beckman-RIIC Tocamaster), as described by Keevil et al. (1977) .
Analytical procedures. Glucose, ammonia and amino acids in the uninoculated media, the clarified culture supernatants and uninoculated fluid withdrawn from the guinea pig subcutaneous chambers were analysed by the methods of Ellwood et al. (1974) . Iron was measured by atomic absorption spectrophotometry.
R E S U L T S

Nutrient limitation
Neisseria gonorrhoeae K W 1 grew well in the defined medium of Manchee et al.
(1 980) when the dissolved oxygen tension was maintained at 20% of air saturation. Higher oxygen tensions resulted in poor initial growth of inocula. Supplementing the air supply with 5 % carbon dioxide had no effect on growth. Steady-state growth was achieved within 10-15 generations when the culture OD540 and cell yield (gdry wt 1-I) remained constant. The defined medium had previously been described by its users as being suitable for providing glucose-limited growth of N. gonorrhoeae. Surprisingly, however, glucose was found to be in excess and was detectable in culture supernatants after over 100 generations of growth (Table 1) . Analysis of the nitrogen constituents of the growth medium indicated that although some of the amino acids were almost completely utilized, only cystine was absent from the culture supernatant. This was intriguing, as cysteine remained in excess. Nevertheless, cystine was confirmed to be growth limiting since halving its concentration in the medium resulted in a corresponding decrease in cell yield. In addition to the amino acids included in the medium, the gonococci appeared to produce trace amounts of alanine, glycine, histidine, leucine, threonine, valine and ornithine.
Glucose could no longer be detected in culture supernatants when its initial concentration in the medium was decreased to 17 mM. However, cystine was still not detectable and the cell yield was not significantly altered. Increasing the initial cystine concentration fourfold and decreasing the glucose concentration to 5 6 m~ resulted in cystine, but not glucose, being detectable in the culture supernatant. The culture decreased by almost 20% but the cell yield decreased by 60% (Table 2) .
Similar results were obtained for strain P9-2 during cystine-or glucose-limited growth (Tables   2 and 3) . However, the cystine requirement of this strain was substantially less than that of K W 1 and only 0-02 mM-cystine was required to give cystine-limited growth. The P9-2 culture washed out at a dilution rate of 0.1 h-l under cystine limitation but good growth occurred at 0-05 h-l. Oxygen limitation was obtained by incapacitating the automatic stirrer controller and maintaining the stirrer speed at 700 r.p.m. to reduce the rate of oxygen transfer into the culture.
No dissolved oxygen was detectable in the culture but glucose could not be detected in the culture supernatant until its initial concentration in the inflowing medium was increased above 22 mM. Cystine remained always in excess. Oxygen limitation resulted in the culture OD540, but not cell yield, decreasing by almost 50%. Less of the amino acids, including cystine, were metabolized. The total numbers of gonococci recovered from continuous cultures correlated with changes in culture (Table 2) . Furthermore, microscopic examination showed similar cell sizes for gonococci grown under all three nutrient limitations. This suggests that the disparity between f These concentrations of glucose and cystine are as described in the header for the three nutrient limitations imposed. culture OD540 and cell yield changes was probably due to differences in the mean weight, as opposed to volume, of each cell as the gonococci adapted their physiology.
Growth yield
The yield of strain KWl during cystine-limited growth was 1.5 g dry wt 1-l (Table 2) , which was similar to that described by Manchee et al. (1980) for a different strain growing in the same medium. This corresponded to a moderately high molar growth yield on glucose (YGlc) of Table 3 
. Concentrations of nutrients (mM) in supernatants obtained from continuous cultures of N . gonorrhoeae P9-2
The initial composition of the growth medium was as described for The YGlc increased to 108 g mol-i during glucose-limited growth and 75% of the glucose carbon metabolized was converted to biomass. Strain P9-2 grew even more efficiently than KW 1 during glucose-limited growth, with a YGlc of 125 g mol-l: 86% of the glucose carbon was converted to biomass. By contrast, the YGlc decreased to just 24 g mol-l during oxygen-limited growth and only approximately 17% of the glucose carbon was converted to biomass. The cell yield and culture ODS40 were relatively high during cystine-limited growth but, due to the high rate of glucose consumption, the YGlc was only 18.2 g mol-l and 13% of the metabolized glucose was converted to biomass. Changes in cell yield during glucose-limited and glucose-excess growth indicated that the rates of glucose uptake by the cultures (qGlc) varied from 0.9 to 4.2 mmol g-l h-l.
Phenotypic variation
When the piliated strain K W 1 was grown cystine-limited, all of the population continued to express the P+ 0phenotype for over 100 generations of growth. By contrast, glucose-limited growth resulted in a pronounced decrease in the numbers of piliated gonococci (Fig. 1) . After 14 generations of growth (equivalent to 4 d in the fermenter) only 2% of the gonococci remained piliated ; while the original 0phenotype predominated, spontaneous appearance of O+ variants occurred but the numbers expressing the P-O+ phenotype did not exceed 30%. Subsequently, the percentage of the culture exhibiting the P-0phenotype fluctuated between 55 and 80% and P+O-gonococci increased their numbers again briefly before declining back to comprise only 2% of the population by 53 generations of growth. After this time, the composition of the community stabilized with over 90% expressing the P-0-phenotype and only 2% and 5% expressing the P+Oand P-O+ phenotypes, respectively. Interestingly, P+O+ gonococci were only occasionally detected during the life of glucose-limited cultures which ran for over 150 generations.
Similar phenotypic variation was found with glucose-limited continuous cultures of strain P9-2 except that many more O+ gonococci were detectable in the population. After inoculation, the IP: 54.70.40.11
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Gonococcal physiology and virulence
P+O-phenotype declined rapidly to comprise less than 2% of the population by 40 generations of growth and the predominant phenotype at this time was P-0- (Fig. 2) . However, this latter phenotype also declined and was replaced by P+O+ and, in particular, P-O+ gonococci. The P+ O+ phenotype comprised 30% of the population by 72 generations but decreased to less than 5 % by 115 generations of growth. The proportion of gonococci expressing the P-O+ phenotype increased steadily to 60% of the population by 110 generations. This and the P -0phenotype predominated thereafter.
As with the growth of cystine-limited strain KWl, the P+O-phenotype of strain P9-2 remained stable during prolonged oxygen-or cystine-limited growth.
Virulence studies
The virulence of gonococci was assessed by incubation in the guinea pig subcutaneous chamber model (Veale et at., 1975) . Samples of strain KW 1 were withdrawn from independent glucose-limited continuous cultures after 27 and 52 generations of growth and inoculated into the subcutaneous chambers at increasing doses. All samples remained viable in the chambers, irrespective of dosage, after 21 d ( Table 4 ). Persistence of infection was not significantly affected by culture age, which determined the relatively low or high contents of piliated/opaque 2.4 f 0.65  2.3 f 0.95  0-4 f 0.22  104 3.6 f 0. Table 5 
. Persistence of infection in guinea pig subcutaneous chambers of N . gonorrhoeae P9-2 grown in glucose-, oxygen-or cystine-limited continuous culture
The initial inoculum in all cases was 0.2 ml of approx. 1 x lo6 bacteria ml-l. The chamber fluid was withdrawn on day 8 and plated onto GCCT agar for assessment. bacteria in the inocula (see Fig. 1 ). Cystine-limited gonococci were, however, apparently avirulent. Few viable bacteria were recovered after 24 h incubation in the chambers and no infection was present by 96 h, even after the highest initial dose of 2 x lo5 gonococci. The age of the culture also had no effect on the lack of infectivity.
Similar results were obtained for strain P9-2 ( Table 5 ). In agreement with K W 1 , the numbers of viable P9-2 recovered from the chambers apparently increased as the age of the initial inocula obtained from glucose-limited continuous cultures increased. Oxygen-limited gonococci were also more virulent in the chambers as their culture age increased. By contrast, cystine-limited P9-2 was completely avirulent in the chamber model, even at an initial dose of 2 x lo5 gonococci.
In all cases where viable KW 1 or P9-2 were recovered from the chambers, their predominant phenotype changed to P+O+ within 4 C (lanes 1, 3, 5 and 7) or 100 "C (lanes 2, 4, 6 and 8 
Variation in membrane protein composition
The phenotypes of gonococci isolated on GCCT agar, after harvesting from the various continuous cultures, were confirmed by SDS-PAGE. Initially, whole-cell preparations were incubated with SDS buffer at either 37 or 100 "C to enable detection of heat-modifiable proteins 11 (Swanson, 1978) . Fig. 3 illustrates the SDS-PAGE profiles of colonies of strain KW 1 isolated from glucose-limited continuous cultures which had been growing for over 100 generations. The presence of a protein of 19.5 kDa was apparent in the P+ colonies derivatized at either 37 or 100 "C but was absent in the P-colonies. Similarly, a protein corresponding to a molecular mass of 22.5 kDa was present in the O+ colonies incubated at 37 "C but this migrated corresponding to a molecular mass of 29 kDa after incubation at 100 "C. Some 0isolates of gonococci have been found to contain proteins I1 (Heckels, 1984) but no such proteins could be detected in the 0colonies of strain KW 1. The major proteins present had apparent molecular masses of 96,78,68,  56, 47, 37, 36 and 34 kDa, the 37 and 34 kDa proteins probably corresponding to outer membrane proteins I and 111, respectively.
Identification of the outer-membrane proteins of gonococci grown under the various nutrient limitations was attempted by resuspending bacteria in lithium acetate buffer, disrupting them in a Silverson homogenizer and obtaining membrane material by differential centrifugation (lanes 2,4,7 and 9) or 100 "C (lanes  3, 5, 8 and 10) . Molecular mass standards are shown in lanes 1 and 6. (Heckels, 1977) . Unfortunately, this procedure did not appear to give clean preparations of outer membranes (data not shown). Similarly, liberation of outer membranes from bacteria by mild shearing through a syringe needle (Zak et al., 1984) also produced a complex number of protein bands on SDS-PAGE. The possibility that the outer membranes -were contaminated with attached fragments of inner membranes was confirmed by further purification using the Sarkosyl extraction procedure of Norquist et al. (1978) . This procedure produced fewer, clearly defined protein bands on SDS-PAGE (Fig. 4) . The major outer-membrane protein of N. gunorrhoeae P9-2 grown in continuous culture, or as colonies on agar, can be clearly seen with a molecular mass of 36 kDa. The 32 kDa protein, possibly corresponding to protein 111, was also present in all gonococci grown in continuous culture but not in those grown as colonies on agar; a 3 1 kDa protein was more apparent in the latter. The alpha pilus subunit (19.5 kDa) of strain P9-2 appeared to be expressed during prolonged cystine-, glucose-or oxygen-limited continuous culture but, as expected, was in reduced quantity for the predominantly P-, glucose-limited gonococci. There was no evidence for heat-modifiable proteins I1 in the gonococcal cultures but a protein which ran with an apparent molecular mass of 110 kDa when extracted at 37 "C changed to a form running at 60 kDa when extracted at 100 "C. A protein with a molecular mass of 28 kDa was apparently induced in glucose-but not cystine-or oxygen-limited gonococci.
Similarly, a protein of 34 kDa was present in reduced quantity in glucose-limited strain P9-2 but was almost completely absent in gonococci grown cystine-limited. A 44 kDa protein was present in gonococci grown on agar or in glucose-or oxygen-limited continuous culture but wasabsent during cystine limitation. Conversely, a 40 kDa protein was apparently induced during oxygenlimited continuous culture but not under the other growth conditions described previously.
DISCUSSION
The present study has indicated that A? gonorrhoeae can be grown successfully in high yield for prolonged periods using an in vitro model system with a defined growth medium. In particular, virulent gonococci can be propagated for over 150 generations of growth when growth is glucose-or oxygen-limited. Previous workers have grown gonococci at low oxygen tensions but growth was glucose-limited rather than oxygen-limited (Leith & Morse, 1980) . Furthermore, they used a non-piliated strain which did not apparently regain piliation during continuous culture, and no mention was made of possible changes in virulence. Morse et al. (1983) have also investigated the effects of different growth rates on the lipopolysaccharide content of gonococci but, again, the only nutrient limitation investigated was glucose and the initial inoculum of bacteria was non-piliated.
By contrast, Manchee et al. (1980) are the only other workers to have investigated the continuous culture of N. gonorrhoeae, and they have claimed that all gonococci remain piliated under glucose limitation and that members of the culture are virulent in the guinea pig subcutaneous chamber model. The former finding is at variance with our present results since only 2% of the KW1 or P9-2 cultures remained piliated during prolonged glucose-limited growth. Several explanations may be advanced to account for this discrepancy. Firstly, the concentration of glucose in their initial growth medium was in sevenfold excess of the 5-6 mM required to provide glucose-limited growth of strains KW 1 or P9-2. Their strain might have had a high requirement for glucose, but this would appear unlikely in view of the similar yields which we obtained. Secondly, growth might have been 'glucose-depleted', some other nutrient being actually growth limiting. In support of this latter conclusion, Manchee et al. (1980) did not have an oxygen electrode present to monitor the dissolved oxygen concentration. It is possible, therefore, that growth of their strain might have been oxygen-limited, particularly at the high cell densities described for the culture. This would account for their report that all of the gonococci remained piliated and virulent in the chamber model, as we have described for our oxygen-limited gonococci.
The data obtained for the analysis of fluid obtained from sterile subcutaneous chambers (Table 1) indicated that the concentrations of glucose and cystine present were remarkably close to those employed in the present study to obtain glucose-or cystine-limited growth of N. gonorrhoeae. It is possible, therefore, that growth in the chambers might have been limited by either of these two nutrients. By contrast, the redox potential of sterile or infected chambers has been reported to be approximately + 260 mV (Novotny et al., 1977) . This suggests that the environment of the chambers is aerobic, irrespective of infection, and that growth is not limited by the availability of oxygen. Interestingly, only glucose-limited continuous culture gave rise to the appearance of a significant percentage of gonococci expressing the opaque colony phenotype. This result is similar to that reported by McBride et al. (1981) for the growth of strain P9 in subcutaneous chambers and which we have confirmed after inoculating this in vivo model system with strains KW1 or P9-2 harvested from continuous cultures.
Although oxygen might not be limiting growth in the chamber model, it is possible that it does so in many natural infections since the potential sites of infection are colonized by facultative and fastidious anaerobes (Hurley et al., 1974) . Invading gonococci must not only overcome this commensal flora to colonize the host but also grow in a presumably oxygen-limited environment (McBride et al., 1978 ; Young et al., 1983) . The present results indicate that gonococci grow well in oxygen-limited continuous culture and retain virulence in the chamber model. Moreover, bacteria retain piliation and this characteristic has been described as an important virulence factor for the initial colonization of epithelium (Heckels, 1984) .
C . W . K E E V I L AND OTHERS
There is no immediate explanation as to why glucose-limited growth produces so many opacity variants whereas glucose-excess growth does not. It has been suggested that the great phenotypic and antigenic diversity of gonococci confers the ability to respond rapidly to, and thereby avoid, the host immune defence system. Recently, Virji & Heckels (1986) have shown that possession of proteins 11, previously described as 'leucocyte association proteins' (Swanson & Heckels, 1980) , allows uptake and killing by polymorphonucleocytes (PMN). Variants lacking proteins I1 are resistant to phagocytosis. Nevertheless, the vast majority of clinical isolates possess one or more proteins I1 (Zak et al., 1984) . This suggests that their presence confers some essential properties, such as the ability to colonize epithelial surfaces, which are sufficiently important to the gonococcal infection to risk killing by PMN. Our results indicate that the expression of proteins I1 is perhaps related to the availability of glucose at potential sites of infection.
The loss of virulence of cystine-limited gonococci in the chamber model is particularly noteworthy. This appears to be related to the phenotypic expression of some essential virulence determinant, since virulence was re-established when the culture was switched from cystine-to glucose-limited growth. A similar phenotypic transition has been described for Bordetella pertussis, which can be switched from the so-called virulent X-mode to the avirulent C-mode and back again (Robinson et al., 1983) . However, the present communication provides the first report of such a phenomenon occurring in N . gonorrhoeae. Interestingly, the B. pertussis virulence transition does not apparently involve the availability of sulphur-containing amino acids but the bacterium does metabolize cysteine rather than cystine. By contrast, our gonococcal strains, which also include an isolate harbouring the Asian R plasmid (unpublished data), metabolize the dimer rather than the monomer. This phenomenon was also noted by Manchee et al. (1980) for their clinical isolate of gonococcus. Presumably, certain strains of gonococci possess a specific uptake system for cystine and are unable to transport cysteine. However, we are not aware of any reports for cystine uptake although it might occur via a nonspecific dipeptide or tripeptide carrier (Payne, 1983) . The availability of cysteine and cystine might be of clinical significance since the ratio of the two amino acids will be dependent on the redox potential of the site of infection. Thus aerobic sites might be considered to have a higher ratio of dimer to the monomer than more anaerobic sites.
Why cystine limitation produces gonococci which cannot survive in the chamber model is uncertain. Survival is not related to the presence of pili per se since cystine-limited gonococci retain this characteristic. Nor are there any apparent changes in production of protein I or heatmodifiable proteins 11. A similar major outer-membrane protein has also been observed for the clinical isolate harbouring the Asian R plasmid (unpublished data) and this strain was identical to the previous two in unsuccessful infection of the chamber model following cystine-limited growth. Although proteins I1 were not induced in nutrient-limited strain P9-2 the gonococcus did contain a heat-modifiable 110 kDa outer-membrane protein. A similar protein was also detectedin strain JW-31, andLeith&Morse(1980) concluded that itmighthave beenanaggregate which dissociated when incubated at 100°C. However, expression of this protein was not affected by the growth environments investigated here. The only changes of note occurred in the expression of other outer-membrane proteins. For example, cystine-limited strain P9-2 lacked the 28 and 44 kDa proteins found in glucose-limited gonococci, the latter protein also being present in gonococci grown oxygen-limited or as colonies on agar. By contrast, a 40 kDa outermembrane protein was apparently induced in gonococci grown oxygen-limited. Interestingly, many more outer-membrane proteins were present during growth in continuous culture than as colonies on agar. Norquist et al. (1978) reported that iron-deficient growth resulted in the induction of gonococcal outer-membrane proteins. The present data indicate that other nutrient limitations also affect the outer-membrane composition of N . gonorrhoeae. This might not only aid gonococci in their uptake of essential nutrients, both in vivo and in vitro, but also alter their antigenic profiles and avoid the host immune response at particular sites of infection.
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